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Abstract 

This  paper  reports  on  microscale  silicon-based  direct  formic  acid  fuel  cells  (Si-DFAFCs)  in  which  the  fuel  and  the  oxidant  are  supplied  to  the 
electrodes  in  a  passive  manner.  Passive  delivery  of  fuel  and  oxidant  eliminates  the  need  for  ancillary  components  and  associated  parasitic  losses. 
In  this  Si-DFAFC,  an  aqueous  solution  of  formic  acid  is  in  direct  contact  with  a  Pd-  or  Pt-based  anode  and  a  Pt-based  cathode  is  exposed  to 
either  a  forced  oxygen  stream  or  quiescent  air.  In  the  presence  of  a  forced  oxygen  flow  on  the  cathode  side  the  cell  with  Pd  catalyst  on  the  anode 
delivers  a  maximum  power  density  of  about  30  mW  cm-2  at  room  temperature,  limited  mostly  by  mass  transfer  at  the  anode,  while  in  an  all-passive 
mode  (quiescent  air  on  the  cathode  side)  a  maximum  power  density  of  12.3  mW  cm-2  is  obtained,  limited  by  oxygen  transport.  This  all-passive 
Si-DFAFC  is  fabricated  using  processes  that  are  post-CMOS  compatible,  and  thus  can  be  integrated  directly  with  envisioned  MEMS  applications, 
such  as  small  sensors  and  actuators. 

©  2006  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Micro  fuel  cell;  Membrane  electrode  assembly;  Formic  acid;  Passive  fuel  cell 


1.  Introduction 

Many  efforts  are  presently  directed  to  develop  micro  fuel 
cells  as  power  sources  for  a  wide  range  of  portable  appli¬ 
cations  [1-26].  When  integrating  micro  fuel  cells  as  on-chip 
power  sources  into  MEMS  sensors/actuators  and  microchem¬ 
ical  systems,  manufacturing  processes  for  both  membrane 
electrode  assembly  (ME A)  and  the  remaining  fuel  cell  sys¬ 
tems  must  be  post-CMOS  compatible.  Conventional,  Si-based 
[1-4,8,11-15,17-19,22-25]  and  non-conventional,  polymer- 
based  [5,6,9,10,20]  microelectronic/MEMS  fabrication  meth¬ 
ods  have  been  used  to  obtain  a  wide  variety  of  electrode  designs 
and  flow  channels.  Most  studies,  however,  utilized  spray-coating 
or  painting  techniques  to  deposit  catalyst  on  the  membranes  to 
form  the  ME  As.  Such  methods  may  not  be  suitable  for  integra¬ 
tion  with  MEMS  fabrication  processes.  Alternatively,  several 
micro  fuel  cells  that  have  the  catalysts  layer  formed  using  post- 
CMOS  compatible  methods:  either  electrodeposition  on  a  car¬ 
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bon  support  [11,12,18]  or  sputter-deposition  on  a  support  elec¬ 
trode  and/or  membrane  [5,6,8,19].  The  latter  sputtered  or  evapo¬ 
rated  catalysts  typically  exhibit  low  performance  (<1  mW  cm-2) 
due  to  their  inherently  small  surface  areas.  Previously,  we  have 
reported  on  silicon-based  microfabricated  membrane  electrode 
assemblies  (Si-MEAs)  in  which  high- surface-area  Pt,  Pd,  and 
Pt/Pd  catalyst  structures  are  introduced  directly  on  a  gold  current 
collector  by  electrodeposition  [22,23].  Those  Si-MEAs  pro¬ 
duced  power  densities  up  to  35  mW  cm-2  when  using  a  stream  of 
hydrogen  as  the  fuel  with  electrodeposited  Pt  catalyst  structures 
[22],  whereas  a  similar  Si-MEA  with  Pd  catalyst  structures  as 
the  anode  operated  with  10  M  formic  acid  produced  a  maximum 
power  density  of  28  mW  cm-2  [23]. 

Micro  fuel  cells  can  be  operated  with  forced  streams  of  dif¬ 
ferent  fuels,  including  hydrogen  [1-10],  methanol  [11-21],  and 
formic  acid  [22,26].  Hydrogen,  although  considered  an  ideal 
fuel  from  a  reaction  kinetics  point  of  view,  is  difficult  to  store 
at  high  energy  density,  particularly  at  the  microscale.  Methanol, 
as  a  liquid  fuel  is  easier  to  store,  has  a  high  energy  density,  and 
is  most  widely  used  in  micro  fuel  cells.  Multiple  microfabri¬ 
cated  direct  methanol  fuel  cells  (DMFCs)  have  been  reported  in 
which  0.5-8  M  methanol  fuel  solutions  are  supplied  via  forced 
convection  to  an  anode  comprised  of  Pt/Ru  alloy  nanoparticles 
[1 1-21].  The  maximum  power  densities  of  these  DMFCs  range 
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from  5  |jlW  cm-2  to  20  mW  cm-2  at  room  temperature.  These 
DMFCs,  however,  suffer  from  fuel  crossover  when  polymer 
electrolytes  such  as  Nafion  are  used,  leading  to  mixed  potentials 
on  the  cathode  side,  and  thus  a  dramatic  loss  in  cell  perfor¬ 
mance.  As  an  alternative,  direct  formic  acid  fuel  cells  (DFAFCs) 
have  been  reported  for  portable  power  sources,  which  utilize  the 
faster  kinetics,  compared  to  methanol,  of  formic  acid  electro¬ 
oxidation  at  room  temperature,  and  the  lower  tendency  of  formic 
acid  to  exhibit  fuel  crossover  across  Nafion  membranes  [26-29]. 
For  example,  Ha  et  al.  recently  reported  mesoscale.  DFAFCs 
with  a  forced  fuel  feed  producing  a  maximum  power  density  of 
248  mW  cm-2  [30,31].  Although  the  theoretical  energy  density 
of  formic  acid  (1700  Wh  kg  - 1  or  2086  Wh  L_  1 )  is  less  than  one- 
third  of  methanol  (6100  Wh  kg-1  or  4690  WhL-1),  the  lower 
rates  of  fuel  crossover  through  the  Nafion  membrane  allows  for 
higher  concentrations  of  formic  acid  than  of  methanol  to  be  used. 
DMFCs  and  DFAFCs  may  thus  actually  have  similar  specific 
energies,  since  4  M  methanol  and  10  M  formic  acid  have  similar 
fuel  energy  densities  with  respect  to  fuel  volume  (Table  1). 

Another  key  challenge  in  downscaling  fuel  cell  technology 
for  portable  and  lab-on-a-chip  applications  involves  miniatur¬ 
ization,  or  preferably,  elimination  of  ancillary  components  such 
as  pumps  and  valves  for  fuel  and  oxidant  delivery.  In  partic¬ 
ular,  fluid  pumping  mechanisms  do  not  scale  down  linearly, 
leading  to  higher  parasitic  losses  and  a  lower  overall  energy 
density  of  micro  fuel  cell  systems.  To  eliminate  these  so-called 
parasitic  losses,  a  number  of  DMFCs  and  DFAFCs  have  been 
reported  with  passive  means  of  fuel  delivery  and  often  also 
with  an  air-breathing  cathode  [16,32-43].  Microscale  DMFCs 
using  a  passive  supply  of  2-5  M  methanol  with  maximum  power 
densities  ranging  from  2  to  43  mW  cm-2  have  been  reported 
[38,39,42].  A  centimeter- scale  passive  feed  DFAFC  operated 
on  10  M  formic  acid  was  also  investigated  delivering  a  maxi¬ 
mum  power  density  of  33  mW  cm-2  [43].  The  characteristics 
and  performance  of  various  all-passive  DMFCs  and  DFAFCs 
are  summarized  in  Table  1 .  These  passive  feed  liquid  fuel  cells 
have  the  potential  for  a  higher  overall,  specific  energy  density 
in  a  fuel  cell  system  due  to  the  elimination  of  the  additional 
weight  and  volume  of  ancillary  components  that,  in  turn,  can  be 
replaced  with  additional  fuel.  Such  passive  microscale  fuel  cells 
would  be  promising  as  high  energy  density  power  sources,  for 
example,  for  implementation  in  MEMS  actuators,  especially  if 


the  fuel  cells  can  be  fabricated  simultaneously  using  post-CMOS 
compatible  processes. 

In  this  paper,  we  report  on  silicon-based  microfabricated 
direct  formic  acid  fuel  cells  (Si-DFAFCs)  in  which  fuel  delivery 
is  passive;  the  liquid  formic  acid  fuel  is  in  direct  contact  with 
the  anode-side  of  the  MEA.  Analysis  of  the  effect  of  the  pas¬ 
sive  delivery  of  both  formic  acid  and  oxygen  was  conducted 
separately  using  various  combinations  of  active  and  passive 
operating  conditions  at  the  respective  electrodes.  Polarization 
and  power  density  curves  of  Si-DFAFCs  operated  with  different 
concentrations  of  formic  acid  are  presented,  and  the  benefits  and 
limitations  of  these  cells  are  discussed. 

2.  Experimental 

2. 1.  Si-MEA  fabrication  and  assembly 

Silicon-based  membrane  electrode  assemblies  (Si-MEAs) 
were  prepared  using  standard  MEMS  fabrication  processes 
mostly  according  to  a  procedure  we  reported  previously  [22]. 
In  short,  a  100  mm  N-doped  double-sided  polished  (100)  Si 
wafer  (Silicon  Quest)  was  used  as  the  supporting  structure  of 

o 

the  Si-MEA  and  coated  with  a  1000  A  Au  layer  by  dc  mag¬ 
netron  sputtering  (~  10-2  Torr  of  Ar  background  pressure).  Pho¬ 
tolithography  and  liftoff  were  then  performed  to  create  the  Au 
current  collector  pattern.  This  pattern  was  subsequently  spin- 
coated  with  a  polyimide  (PI)  layer  (PMDA-ODA  PI2808,  HD 
Microsystem),  to  provide  electrical  isolation  between  the  cell 
halves  and  to  serve  as  a  spacing  layer  between  the  catalyst 
structures  and  the  Nafion  membrane.  Next,  the  PI  that  cov¬ 
ered  the  silicon  not  covered  with  Au  was  removed  using  RIE 
after  applying  a  photolithographic  patterned  photoresist  layer 
exactly  aligned  with  the  previously  generated  Au-pattern.  The 
resulting  structure  forms  a  mask  for  etching  of  the  silicon  to 
form  the  50- [xm  thick  grid-like  Si  structures  with  an  array  of 
100  |xm2  holes  using  deep  reactive  ion  etching  (Plasma-Therm 
SLR  770).  With  the  help  of  a  shadow  mask,  the  Au  layer  that 
covered  the  grid  was  selectively  exposed  with  an  oxygen  plasma 
in  the  RIE  system  (Jupiter  III,  March  Instruments),  thus  leaving 
the  PI  spacer  layer  on  the  Au-covered  silicon  around  the  grid 
untouched.  Pt  or  Pd  catalyst  structures  were  electrodeposited  to 
form  a  single  catalyst-covered  Si-electrode  with  a  geometrical 


Table  1 

Summary  of  the  performance  of  all-passive  (passive  delivery  of  fuel,  air-breathing,  and  room  temperature)  fuel  cells  available  in  the  literature  as  well  as  the  Si-DFAFC 
of  this  work 


Reference 

MEA:  support  and  electrolyte 

Anode  catalyst 

Geometrical 

electrode 
area  [cm2] 

Maximum  power 
density  (MPD) 
[mW  cm-2] 

Voltage  at 
MPD  [V] 

Open  cell 
potential 
(OCP)  [V] 

Optimal  [fuel]  and 
net  energy  density 
[WhL-1] 

Chang  et  al.  [33] 

Carbon  paper,  co-PTFS 

PtRu  nanoparticles 

2 

10 

0.30 

0.65 

5  M  CH3OH  976 

Han  and  Park  [34] 

Carbon  paper,  Nafion  115 

Electroless  PtRu/C 

9 

4 

0.25 

0.72 

2M  CH3OH  390 

Shimizu  et  al.  [38] 

Carbon  paper,  Nafion  112 

PtRu/C  nanoparticles 

35 

11 

0.30 

0.55 

4M  CH3OH  781 

Kim  et  al.  [39] 

Carbon  paper,  Nafion  115 

PtRu  nanoparticles 

6 

40 

0.30 

0.78 

5M  CH3OH  976 

Liu  et  al.  [42] 

Carbon  paper,  Nafion  115 

PtRu  nanoparticles 

4 

20 

0.18 

0.50 

5  M  CH3OH  976 

Ha  et  al.  [43] 

Carbon  paper,  Nafion  117 

PtRu  nanoparticles 

1 

33 

0.25 

0.65 

IOMHCOOH  782 

This  work 

Patterned  Si,  Au,  Nafion  112 

Electrodeposited  Pt 

0.44 

12.3 

0.30 

0.60 

IOMHCOOH  782 

and  Pd 
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Fig.  1.  (a)  Schematic  and  (b)  optical  micrograph  of  the  18  mm  x  18  mm  silicon-based  membrane  electrode  assembly  (Si-MEA)  used  in  this  study  [22].  (c  and  d)  SEM 
images  of  electrodeposited  Pd  and  Pt  catalyst  structures,  respectively;  and  schematic  of  the  test  setup  used  to  measure  the  fuel  cell  performance  of  the  Si-DFAFCs 
operated  with  passive  fuel  delivery  on  the  anode  side  and  active  oxygen/air  delivery  (e)  or  passive  air  delivery  (f)  on  the  cathode  side. 


surface  area  of  0.44  cm2  (see  below).  A  Nation- 112  membrane 
(Fuel  Cell  Scientific,  Stoneham,  MA)  was  sandwiched  between 
two  Si-electrodes  and  bonded  using  a  hot  press  (EV-420  bonder, 
120  °C,  ^200  N cm-2)  to  yield  a  Si-MEA  as  shown  in  Fig.  la 
and  b. 

2.2.  Catalyst  structure  preparation 

Two  different  anode  catalyst  structures,  electrodeposited  Pt 
(loading  2.5  mg  cm-2)  and  Pd  (4.0  mg  cm-2),  were  used,  while 
an  electrodeposited  Pt  catalyst  structure  (2.5  mg  cm-2)  was  used 
as  the  cathode  in  all  experiments  reported  here.  SEM  images 
of  these  electrodeposited  Pd  and  Pt  catalyst  structures  reveal 
their  high  surface  areas  (Fig.  lc  and  d).  We  reported  a  detailed 
description  of  the  procedures  to  deposit  these  Pt  and  Pd  cata¬ 
lyst  structures  on  Si-electrodes  as  well  as  their  electrochemical 
characteristics  (e.g.  surface  areas)  earlier  [23]. 

2.3.  Si-DFAFC  testing 

To  obtain  a  Si-DFAFC,  each  Si-MEA  with  different  anode 
catalyst  structure  (Pt  or  Pd)  was  mounted  on  a  custom-built 
glass-filled  Teflon  test  fixture  that  can  accommodate  delivery 
of  fuel  and  oxidant  (Fig.  le  and  f).  Different  concentrations  of 
aqueous  formic  acid  (ACS  grade  96%,  Acros)  were  delivered 


as  the  fuel  in  a  passive  form  by  placing  2  ml  of  each  solution 
directly  on  the  anode  side  of  the  Si-MEA.  We  studied  the  per¬ 
formance  of  the  Si-DFAFCs  under  different  cathode  conditions: 
(a)  a  10  seem  stream  of  oxygen;  (b)  a  10  or  50  seem  stream  of 
air;  (c)  quiescent  air.  Experiments  (a)  and  (b)  utilized  the  config¬ 
uration  shown  in  Fig.  le,  while  experiment  (c)  was  performed 
with  the  configuration  shown  in  Fig.  If.  Since  it  is  our  purpose 
to  eliminate  ancillary  components,  including  heaters,  we  con¬ 
ducted  all  fuel  cell  tests  at  room  temperature.  Data  points  of  the 
polarization  curves  were  recorded  using  a  potentiostat  (Autolab 
PGSTAT  30)  by  applying  a  constant  cell  potential  and  measur¬ 
ing  the  steady-state  current  after  waiting  for  1-3  min.  The  error 
in  each  point  of  the  polarization  curves  is  estimated  to  be  ±5%. 

3.  Results  and  discussion 

In  an  effort  to  reduce  parasitic  losses  we  studied  Si-DFAFCs 
with  passive  fuel  and  oxidant  delivery:  formic  acid  solutions  of 
different  concentrations  in  direct  contact  with  the  anode  side  of 
the  Si-MEA  and  the  cathode  side  exposed  to  quiescent  air. 

3.1.  Cathode  performance  characterization 

First  we  studied  Si-DFAFCs  with  electrodeposited  Pt  catalyst 
structures  as  the  anode  and  the  cathode  at  room  temperature 


J.  Yeom  et  al.  /  Journal  of  Power  Sources  160  (2006)  1058-1064 


1061 


using  10  seem  of  hydrogen  as  the  fuel  on  the  anode  and  three 
different  operating  conditions  on  the  cathode:  (i)  10  seem  of 
oxygen;  (ii)  10  seem  of  compressed  air;  (iii)  quiescent  air. 
The  extent  of  the  cathode  overpotential  and  mass  transport 
limitations  can  be  revealed  assuming  that  the  anode  kinetics 
of  H2  on  Pt  catalysts  is  very  fast.  The  open  circuit  potentials 
(OCPs)  of  1  V  as  measured  for  all  three  conditions  indicate  that 
any  anode  limitation  is  very  small  (see  Fig.  2a).  An  abrupt  drop 
in  the  potential  in  the  high  current  density  regime  in  Fig.  2a 
clearly  demonstrates  the  oxygen  transport  limitation  on  the 
cathode  side  for  the  Si-DFAFC  operated  with  quiescent  air. 
The  better  performance  of  the  Si-DFAFC  operated  with  forced 
oxygen,  compared  to  the  one  operated  with  forced  air,  can  be 
attributed  to  a  higher  driving  force  to  replenish  the  depleted 
boundary  layer  on  the  cathode.  A  maximum  power  density  of 
54  mW  cm-2  at  0.4  V  was  obtained  for  the  hydrogen-oxygen 
case  (see  Fig.  2b),  a  50%  increase  compared  to  our  previous 
study  [22].  This  improvement  in  cell  performance  can  be 
attributed  to  optimization  of  the  thickness  (~3.5  pun)  of 
the  polyimide  spacing  layer  that  ensures  intimate  contact 
between  the  catalyst  structures  on  the  Si-grid  and  the  Nation 
membrane. 


Fig.  2.  Polarization  (a)  and  power  density  (b)  curves  of  a  Si-DFAFC  operating 
at  room  temperature  with  a  H2  supply  of  10  seem  on  the  anode  side  and  three 
different  ways  of  oxygen  air  supply  on  the  cathode. 


3.2.  Pt  anode  performance  characterization 

Next,  we  characterized  the  anode  performance  of  these  Si- 
DFAFCs  with  Pt  catalyst  structures,  while  providing  a  forced 
stream  (10  seem)  of  oxygen  on  the  cathode  side  to  suppress  any 
performance-limiting  factors  on  the  cathode  side.  Fig.  3  shows 
polarization  and  power  density  curves  for  Si-DFAFCs  operated 
using  different  concentrations  of  formic  acid  ( 1-25.4  M)  as  the 
fuel.  A  maximum  OCP  of  0.66  V  is  obtained  for  1  M  formic  acid. 
The  gradual  decrease  in  the  OCP  with  increasing  formic  acid 
concentration  is  the  result  of  an  increase  in  formic  acid  crossover 
through  the  Nation  112  membrane,  a  trend  also  observed  in 
both  actively  pumped  DFAFCs  [26]  and  passive  air-breathing 
DFAFCs  [43]. 

Insufficient  mass  transport  of  fuel  is  the  prevailing 
performance-limiting  factor  when  low  formic  acid  concentra¬ 
tions  (i.e.  1-5  M)  are  used  while  the  decrease  of  the  power 
density  at  higher  formic  acid  concentrations  (>10M)  can 
be  attributed  to  partial  dehydration  of  the  Nation  membrane 
[26].  Interestingly,  the  maximum  power  density  measured 
here  was  significantly  higher  compared  to  our  previous  study: 
~21  mW  cm-2  here  versus  ~3  mW  cm-2  previously  [23].  The 


(a)  Current  Density  (m A/cm  2 ) 


(b)  Current  Density  (mA/cm 2 ) 


Fig.  3.  Polarization  (a)  and  power  density  (b)  curves  of  a  Si-DFAFC  operating 
at  room  temperature  with  quiescent  aqueous  HCOOH  solutions  of  different 
concentrations  (1-25.4  M)  on  the  anode  (pure  Pt)  and  a  10  seem  stream  of  O2 
on  the  cathode  (pure  Pt). 
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improved  performance  originates  from  the  use  of  Pt  catalyst 
structures  with  higher  surfaces  areas  obtained  as  a  result  of 
deposition  at  higher  potentials.  The  sharp  drop  in  cell  potential 
due  to  activation  losses  at  low  current  densities  (<10  mA  cm-2) 
is  in  part  due  to  inefficient  electro-oxidation  of  formic  acid 
on  pure  Pt  catalyst  structures  as  a  result  of  CO  poisoning 
[23,44,45]. 


sities  for  the  Si-MEA  with  Pt  anode  were  only  reached  when 
using  10  M  formic  acid.  The  improved  performance  of  the  Si- 
DFAFCs  with  Pd  rather  than  Pt  catalyst  structures  is  a  result  of 
significantly  lower  occurrence  of  CO  poisoning  of  the  catalyst, 
consistent  with  previous  work  by  us  [23]  and  others  [30,31,45]. 

3.4.  All-passive  Si-DFAFC  characterization 


3.3.  Pd  anode  performance  characterization 

We  repeated  the  same  experiment  with  a  Si-DFAFC  with 
electrodeposited  Pd  as  opposed  to  Pt  catalyst  structures  on  the 
anode  side,  resulting  in  the  polarization  and  power  density  curves 
shown  in  Fig.  4.  Now  higher  maximum  power  densities  of  33.1 
and  30.7  mW  cm-2  are  measured,  when  using  5  and  10  M  formic 
acid,  respectively.  As  before  the  OCPs  decrease  with  increasing 
formic  acid  concentration,  but  all  OCPs  and  cell  potentials  are 
approximately  0.2  V  higher  at  the  same  current  density  for  the 
cells  with  Pd  as  opposed  to  Pt  catalyst  structures  at  the  anode. 
The  highest  maximum  energy  and  power  densities  for  the  Si- 
MEAs  with  Pd  anode  are  already  attained  when  using  5  M  formic 
acid  as  the  fuel,  whereas  the  maximum  energy  and  power  den- 
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Fig.  4.  Polarization  (a)  and  power  density  (b)  curves  of  a  Si-DFAFC  operating 
at  room  temperature  with  quiescent  aqueous  HCOOH  solutions  of  different 
concentrations  (1-25.4  M)  on  the  anode  (pure  Pd)  and  a  10  seem  stream  of  O2 
on  the  cathode  (pure  Pt). 


Finally,  we  exposed  the  cathode  side  to  quiescent  air  to  study 
the  performance  of  a  Si-DFAFC  in  which  both  fuel  and  oxygen 
feeds  are  passive.  Fig.  5  compares  the  polarization  curves  and 
power  density  curves  of  Si-DFAFCs  with  Pd  or  Pt  anode  catalyst 
structures  using  a  passive  fuel  feed  of  10  M  formic  acid  at  the 
anode  and  a  quiescent  air  feed  at  the  cathode.  Maximum  power 
densities  of  12.3  and  9.1  mWcm-2  were  obtained  for  the  Si- 
DFAFC  with  Pd  and  Pt  anode  catalyst  structures,  respectively. 
As  expected,  these  values  are  lower  than  the  performance  of 
the  same  cells  operated  with  a  forced  stream  of  oxygen  at  the 
cathode  (Figs.  3  and  4).  The  trend  of  higher  OCPs  and  current 
densities  of  Si-DFAFCs  with  a  Pd  anode,  however,  is  preserved 
in  these  all-passive  fuel  cells. 

The  measurements  on  the  Si-DFAFC  with  a  forced  hydro¬ 
gen  feed  at  the  anode  and  quiescent  air  at  the  cathode  (Fig.  2a) 
basically  set  the  upper  limit  of  the  maximum  current  densities 
that  can  be  obtained  with  an  all-passive  fuel  cell.  Comparing 
that  data  of  Fig.  2a  with  the  data  of  Fig.  5,  we  conclude  that 
Si-DFAFCs  operated  in  an  all-passive  mode  (Fig.  5)  are  ulti¬ 
mately  performance  limited  by  mass  transfer  of  oxygen  when 
quiescent  air  is  used  on  the  cathode  side.  Fifetime  tests  of  the  per¬ 
formance  of  the  all-passive  Si-DFAFC  with  Pd  catalyst  operated 
at  0.3  V  with  a  10  M  formic  acid  solution  exhibited  a  rapid  initial 
decay  in  current  within  the  first  3  min,  followed  by  a  slow  linear 
decay  of  about  25%  over  1  h.  This  behavior  is  identical  to  that  of 
DFAFCs  reported  by  Ha  et  al.  [30],  and  as  was  the  case  for  those 
DFAFCs,  we  were  able  to  recover  the  original  performance  of 
our  all-passive  Si-DFAFC  by  applying  an  anodic  potential  of  1  V 
versus  DHE.  The  Si-DFAFCs  studied  here  exhibit  similar  perfor- 
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Fig.  5.  Polarization  and  power  density  curves  of  a  Si-DFAFC  operated  at  room 
temperature  using  a  quiescent  aqueous  10  M  HCOOH  solution  on  the  anode 
(pure  Pt  or  pure  Pd)  and  quiescent  air  on  the  cathode  (pure  Pt). 
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mance  characteristics  as  other  all-passive  DMFCs  and  DFAFCs 
(Table  1),  and,  unlike  many  of  those,  the  Si-DFAFCs  studied 
here  can  be  fabricated  using  processes  that  are  post-CMOS 
compatible,  thus  enabling  direct  integration  with  MEMS-type 
applications. 

4.  Conclusions 

In  this  paper,  we  reported  the  performance  of  microfabri- 
cated  Si-DFAFCs  in  which  fuel  delivery  is  passive:  liquid  formic 
acid  fuel  is  in  direct  contact  with  the  anode-side  of  the  MEA, 
and  the  cathode  is  exposed  to  quiescent  air,  i.e.,  air-breathing. 
As  expected,  the  maximum  power  density  of  these  cells  of 
30.7  mW  cm-2  as  accomplished  using  a  10  seem  stream  of  oxy¬ 
gen  at  the  cathode  and  a  passive  aqueous  10  M  formic  acid 
solution  at  the  anode,  is  significantly  higher  than  the  maxi¬ 
mum  power  density  of  12.3  mW  cm-2  for  the  same  cell  operated 
in  an  all-passive  mode.  Yet,  eliminating  the  need  for  ancillary 
equipment  such  as  air  or  fuel  pumps  and  regulating  electronics 
greatly  reduce  complexity  and  size  (i.e.,  volume  and  weight)  of  a 
fuel  cell-based  microscale  power  source,  thus  increasing  its  spe¬ 
cific  energy,  while  reducing  parasitic  losses,  cost,  and  potential 
for  system  failure.  Compared  to  other  all-passive  DMFCs  and 
DFAFCs  (Table  1),  the  Si-DFAFCs  reported  here  exhibit  similar 
performance  characteristics,  yet  the  cells  can  be  microfabricated 
using  post-CMOS  compatible  processes  and  can  thus  be  directly 
integrated  with  microscale  applications  such  as  MEMS  sensors 
and  actuators,  simplifying  overall  application  size,  complexity, 
and  manufacturing  cost. 

The  Si-DFAFCs  described  here  still  offer  opportunities  for 
performance  improvement.  Firstly,  integration  of  an  ionomer 
such  as  Nation  within  the  catalyst  structure  at  the  anode  side 
may  improve  proton  conductivity  from  the  sites  of  reaction 
on  the  catalyst  structures  to  the  Nation  membrane.  For  exam¬ 
ple,  Missiroli  et  al.  recently  demonstrated  improved  methanol 
electro-oxidation  when  using  Pt/Ru  catalysts  electrodeposited 
on  Nation-treated  Carbon  [46,47],  a  process  that  could  also 
be  implemented  in  the  fabrication  of  the  Si-DFAFCs  studied 
here.  Secondly,  to  avoid  flooding  of  the  cathode  one  could  envi¬ 
sion  integration  of  a  hydrophobic  PTFE-treated  carbon  cloth, 
so  water  rising  above  the  catalyst  structures  and  thus  creating 
a  mass-transport  barrier  for  incoming  oxygen  from  air  can  be 
prevented. 
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